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Abstract— Even if intrinsically a five-phase machine can work    
with one opened phase, thermal constraints (temperatures in 
windings and Permanent Magnets) impose to decrease the 
mean torque in faulty operation mode. In order to elaborate 
optimum control which ensures safety and maximum torque, it 
is necessary to estimate in real-time the temperatures induced 
by the currents imposed in the remaining healthy windings of 
the machine. For a five-phase prototype, a multi-nodal thermal 
modelling which can take into account irregular losses and 
flow distribution has been developed.  It is based on 
Electromagnetic FEM results for the losses and CFD 
calculation analysis. Results are presented in normal and faulty 
operation modes.         
     
Keywords—Thermal nodal model, SAME code, FEM 
electromagnetic simulation,   Integrated drive, Fault operation 
mode 
I. INTRODUCTION  
 Electrical Integrated Drives [1]-[2],  with power 
converter inside the machine, are attractive solutions for 
applications such as hybrid automotive [3]-[5]where a lot of 
different components must be put together in a limited 
volume without electromagnetic compatibility problem. But 
this simplicity induces, if the volume is limited, higher 
thermal constraints on the components for the drive and 
especially for the transistors. A multiphase machine which   
can continue to work in case of a transistor failure is then 
interesting. Anyway, a thermal modelling allowing 
temperature prediction especially in fault mode is necessary 
for managing the current supply and torque control as in [6]-
[7].  
In [6],[8] the prediction of five-phase motor temperatures 
under faulty operation has been achieved using FE Thermal 
analysis considering only a radial propagation of heat. In [9], 
a Lumped Parameter Network with 15 nodes has been 
developed for a Fault-Tolerant 4-phase machine considering 
axial and radial heat propagation but only for normal mode 
operation. On the other hand, electrical machine has to be 
characterized in order to avoid heating limits inside. Thus, 
several studies investigate the thermal behavior of the 
machine in order to ensure a satisfactory cooling [10]. 
Improvements for cooling inside the machine were 
numerically investigated [11]-[12]. 
In this paper, the studied machine has been developed for 
a low voltage (48V) hybrid automotive application. For this 
purpose, a tooth concentrated winding has been chosen: the 
manufacturing of the windings is simple and the thermal 
couplings between the copper coils are low. Because of this 
intrinsic thermal robustness, it appears as a good candidate 
for integration. On contrary, radial but also axial 
propagations of the heat must be considered since the end-
windings are cooled thanks to 2 fans fixed on both ends of 
the rotor.  
This paper presents a 3D multi-nodal thermal modelling 
[13] for fault tolerant machine. Experimental investigations 
are presented as well and compared with the considered 
thermal model.   
 The paper is organized as follows: after presentation of 
the machine topology and the experimental test bench in 
section II, the thermal modelling will be described in section 
III. In section IV, results will be given for both healthy and 
faulty operation mode in order to show the effectiveness of 
the nodal modelling.  
II. ELECTRICAL MACHINE DESCRIPTION 
A. Machine topology description  
       The machine under investigation is a 20-slot/14-pole 
five-phase machine with 20 tooth-concentrated coils and 
radial buried magnets. Around each tooth is wound an 
electric coil (10 turns of insulated copper wire per coil). 
Thus, in each slot there are 20 wires. 
      In the rotor, the machine has 14 areas with Permanent 
Magnets (PM), each area creating a North or South Pole. 
These areas are located inside stacked ferromagnetic sheets as 
shown in Fig.1.a. Fourteen rods keep the rotor pack with the 
magnets. On the rotor are fixed, on both sides, fans in order to 
ensure the flow of air inside the machine as depicted in 
Fig.1.c. However, the connection box located at the upper 
side of the machine (Fig.1.a) makes less efficient the cooling 
in this side.  The system rotor / stator is closed by aluminum 
frames with lateral and frontal openings, as shown in Fig.1.b 
and Fig.1.d respectively, in order facilitate the flow of the air. 
At the back of the machine, a plate of electronic components 
is attached.  
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   Fig.1. (a) Global view Five-phase machine topology and design. (b)  Lateral     
view of the machine with lateral openings.(c) Rotor topology with fans. (d) 
front view of the machine with  frontal openings.  
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     Fig.2. (a) Photo of the test bench: Overview of the power and control 
station. (b) Thermal detectors location.  
B. Experimental test bench description  
    The experimental test-rig is composed of a five-phase 
PMSM interfaced with a digital control board based on a 
dSPACE DS1006 running with an execution step time of 
40µs. This machine, driven by a five-leg voltage source 
inverter (VSI),  is coupled to an industrial motion drive which 
is used as a mechanical emulator to generate different load 
profiles. A DC-bus voltage of 48 V is applied to the VSI.  
     Fig.2. depicted the experimental test-rig. In order to 
characterize the thermal behavior in pre-fault and post-fault 
operation modes, five Resistance Thermal Detector (RTD) 
have been inserted on the five phase motor windings, as 
shown in Fig.2.b. Each RTD is located within the slot in 
contact with the copper and it is linked to a data acquisition 
system that allows plotting the temperature versus time curve.   
III. SIMULATION TOOLS  
A. Thermal nodal model 
In order to model heat transfers, several methods are 
possible: by Computational Fluid Dynamics (CFD), Finite 
Elements or nodal method. The first two methods are based 
on the resolution directly from partial differential equations. 
Unlike finite elements, CFD can only model the flow inside 
the machine. However, the method that seems the most 
effective is the nodal method. This method uses the electrical 
analogy and cut the machine in small isothermal volumes 
connected by thermal conductances. 
On the other hand, nodal model is a widespread choice 
because it is easier to handle especially   in control and real 
time applications. Hence, the nodal method (Lumped model) 
called SAME (Aerothermal Simulation of Electrical 
Machines) is used in order to model our thermal machine. 
SAME is a simulation code of the thermal rotor / stator 
systems and it was developed under Matlab © in previous 
years in our laboratories. 
 The nodal method considers the machine as a sum of 
small isothermal volumes interconnected by conductances 
whose expression depends on the nature of the transfer 
thermal. This simplified modeling has the main advantage of 
its low cost of calculation: the thermal problem is reduced to 
a simple matrix calculation. However, to calculate the 
transfer by convection, it is necessary to get closer to 
correlations from the literature for simplified configurations. 
Calibration of the model with results experimental is also 
most often necessary.  
 The SAME calculation process is divided into three 
main steps: 
 The creation of geometry (small volumes 
considered isothermal). It is about cylindrical 
discretization along the axes (r, Ɵ, z) adapted to 
rotating machines. 
 The calculation of characteristic matrices in 
each mesh. 
 The resolution of the system in order to 
determine the temperature field in the machine. 
        
        A network of thermal conductances models the heat 
transfers between all the volumes. These conductances have 
different expressions depending on the nature of the heat 
transfer: conductive, convective or fluidic. In steady state, 
three characteristic matrices are necessary to implement the 
system of equations: the conductances, the losses and the 
boundary conditions. Each mesh checks the following 
relation given in (1).  
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Fig.3. Schematic of the functioning  of code SAME in order to determine 
the temperature distribution. 
 
Fig.4. The  meshing of  the studied  five-phase  machine for  different 
sections. 
 
    In order to calculate fluid and convective conductances, 
SAME code needs the flow distribution inside the machine. 
Thus, CFD calculations are achieved in order to determine 
the flow rate for each node (see section III.C). The heat 
source distribution is also necessary in order to determine the  
temperature distribution in the machine. They are obtained by 
evaluating losses in the machine using Electromagnetic FEM 
using the software Maxwell/ANSYS (see section III.B).  
Fig.3. summarizes the procedure and the required steps in 
order to determine the temperature distribution in the 
considered   machine using SAME code. 
  For a nodal method, on contrary to more local methods that 
can be found in CFDs, no strict rule of division exists.  
However, a finer mesh is necessary at the critical points of the 
machine in order to obtain the gradients of temperature or the 
hot spots. The mesh also depends on the digital resources that 
we want to allocate to the calculation: each additional mesh 
adds a dimension to the matrix of conductances which must 
be reversed at the end of computation. 
    When creating the division of the machine, the following 
rules have been applied: 
 For every mesh we have only one type of material in 
order to avoid the calculation of equivalent 
conductivities.   
 Have a finer mesh (division) in terms of heat sources 
and critical areas (windings, magnets ...). 
 The fluid mesh must respect the mapping of the 
flow. 
 In order to simplify the model, flows are coming out 
of only one or two faces of the mesh. 
Once created, the geometry is used to calculate the matrices 
needed for the calculation. Taking into account all these 
constraints, the number of nodes in the studied machine is 
3050(fig.4). 
B. FEM electromagnetic simulation and losses calculation 
Thanks to FEM software Maxwell/ANSYS, heat sources 
(losses) are evaluated in the coils (copper losses), the iron 
sheets and the permanent magnets in normal and faulty 
operation mode. These losses represent the heat sources for 
the multi-nodal model as shown in Fig.5. In Fig.6.a are given 
the losses density distribution for copper losses of 250W and 
rotation speed of 750 rpm under healthy operation mode. 
Since currents are identical between healthy phases, the same 
losses density is obtained for all the windings.  
 On the other hand, Fig.6.b. shows the  losses density 
distribution in faulty  mode  operation where the phase A is 
opened. The same functioning conditions as in the healthy 
mode are considered (copper losses of 250W and 750 rpm as 
rotation speed). Since the currents injected in the remaining 
healthy phases are not identical, the losses densities are 
different between the windings. This irregularity of the 
distribution of the losses amplifies the irregularity in the 
temperature distribution in the machine.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                 
Fig.5.Schematic of the coupling between the electromagnetic FE model and 
the thermal nodal model.  
 
 
                                       (a)                                             (b) 
Fig.6. Losses density distribution calculated by FE in the studied five-phase  
machine (speed 750 rpm and copper losses of  250W). (a) Healthy mode  
operation (b) Opened-phase operation mode without reconfiguration of 
control.  
C. CFD simulation 
     CFD calculations are achieved with Fluent 13, with a 
geometry directly imported from simplified CAD drawings. 
The Reynolds Averaged Navier-Stokes equations are solved 
using the k-ε realizable model. The boundary conditions 
imposed on the domain are relatively simple. Only the static 
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pressure is imposed constant on the boundaries of the 
domain. A rotating marker is used to model the rotation of 
the rotor. The fixed walls therefore have zero absolute 
velocity while the moving walls have their relative velocity 
zero. 
     Simulations show that the air enters through the axial 
openings of the machine and is rejected by the radial 
openings (see Figs.1.b, 1.d,. Fig.7 and Fig.8). Finally, two 
outgoing flows and two incoming flows as well as the flow 
at the air gap can be defined. In Fig.9.  the incoming and 
outgoing flows deduced from the CFD simulations are 
summarized and which will be considered in the SAME 
model. 
IV. THERMAL BEHAVIOR OF THE MACHINE IN BOTH 
HEALTHY AND FAULTY OPERATIONS 
A. Healthy  operation mode  
The temperature distribution for this mode is calculated 
under SAME code based on the losses cartography show in 
Fig.6.a. 151 heat sources are considered in this case. The 
results are presented for different section of the machine in 
Fig.10. The critical warmer points are located at the end-
windings since the power losses are maximum in this part of 
windings. The upper part of the machine is warmer by about 
32°C compared to the lowest winding temperature according 
to the experimental test results presented in Table. I. This can 
be explained by the dissymmetry of the machine design. The 
upper part does not possess cooling fins and the connection 
box is located at this part of the machine which forms a 
barrier for the heat exchange.  
The simulations are compared with experimental 
measurements obtained from the resistance thermal 
detectors. We find a good agreement with acceptable relative 
error (between 1% to 18% according to Table.I.) due 
probably to an internal dissymmetry in the machine. 
B. Faulty  operation mode  
    In Fig.11, the distribution of the temperatures for different 
sections obtained by SAME, are presented for the faulty 
operation mode. The levels of temperature in simulation 
follow well the levels of the losses that were provided. As 
example the temperatures are the lowest where the losses are 
zero (in the opened-phase).  
   A comparison study between the measured temperatures 
and the ones obtained by the thermal nodal model is given 
in Table II for the faulty operation mode (at 750 rpm for 250 
W of copper losses). Here, it should be noticed that the 
nodal model can be used also to predict the motor thermal 
behavior for different operating conditions and operation 
modes.  
    Fig.12. depicted the errors between the resulting 
temperature obtained from the multi-nodal simulations and 
the experimental tests.  These errors don’t exceed 18%.  
 
 
 
 
 
 
Fig.7. Axial air flow direction for 750rpm.  
 
Fig.8. Radial air flow direction for 750 rpm.  
 
Fig.9. Summarized of different air flow in the machine for healthy mode 
operation at 750 rpm.  
 
Fig.10. Temperature distribution for different machine sections for healthy 
mode operation 
 
Fig.11. Temperature distribution for different machine sections for faulty 
mode operation.  
V. CONCLUSION 
         A 3D-nodal model with 3050 nodes has been 
presented for the prediction of the machine temperatures 
when it is existing an irregular distribution of the losses. The 
comparison with experimental measurements proves the 
effectiveness of the nodal modeling. As consequence, it 
should be possible to use such a modelling in normal and in 
fault mode in real time in order to adapt the maximum  
 
TABLE I.     PREDICTED AND MEASURED TEMPERATURES IN THE MOTOR 
WINDINGS FOR A HEALTHY MODE (750 RPM, PJ = 250W) 
 Healthy mode 
Phase Predicted 
values (°) 
Experimental 
values (°) 
Error 
percentage 
∆T(%) 
a  125.2 131 4.4% 
b 116.7 99 17.8% 
c 116.8 110.2 6% 
d 113.2 102 11% 
e 114.8 114 <1% 
 
TABLE II.      PREDICTED AND MEASURED TEMPERATURES IN THE 
MOTOR WINDINGS FOR A FAULTY MODE (750 RPM, PJ = 250 W) 
 Faulty mode 
Phase Predicted 
values (°) 
Experimental 
values (°) 
Error 
percentage 
∆T(%) 
a  119,73 105,5 13.5% 
b 109,35 110,2 <1% 
c 106,35 105,4 <1% 
d 108,65 108,1 <1% 
e 128,01 117,4 9% 
 
Fig.12.Percentage of error between the obtained temperature resulting form 
the multi-nodal model and those resulting from the experimental tests.  
 
currents that can be imposed to the machine.  Further 
development intends to adapt automatically the calculation 
of the level of losses with the temperature in order to 
prevent thermal runaway in the machine. The general aim is 
to reduce the thermal margin securities in order to use the 
electrical machine with its maximum torque capabilities.   
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